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The mechanical properties of adhesive joints depend on: 1) the bulk 
(cohesive) properties of the adhesive such as type of adhesive, degree of 
cure, porosity, et cetera and 2) the interphasial properties of the bond 
between the adhesive and the adherends. While several techniques have 
been developed for nondestructive evaluation of cohesive properties of 
the adhesive, the assessment of interphase properties is more complicated. 
It has been previously proposed [1] that an ultrasonic wave that produces 
shear stresses on the interphase is sensitive to its properties. This 
may be achieved by utilization of interface waves [1,2] or guided waves 
in the bonded plates [3,4,5]. Another possibility is the use of obliquely 
incident ultrasonic waves for interphase evaluation, analyzing signals in 
time or frequency domains [6,7,8]. 
This paper is devoted to further development of the obliquely inci-
dent ultrasonic wave method for evaluation of the adhesive adherent inter-
phase in a reflection mode. We analyze a physical model of an adhesive 
aluminum interphase which includes layers of anisotropic porous aluminum 
oxide, primer, optional weak boundary layer and adhesive. We demonstrate 
both theoretically and experimentally that interference resonances formed 
in adhesive are sensitive to the interphasial properties. 
THEORY 
In our model (Fig. 1), adherends can be considered as finite thick-
ness layers or, when short ultrasonic pulses are used, as semi-spaces. 
In the latter case, which we will further consider, an interference of 
ultrasonic waves in the adherends is excluded. For an ultrasonic wave 
obliquely incident onto an adhesive joint the reflection coefficients are 
affected by the characteristics of the constituent layers. The multi-
layered system includes an anisotropic layer of Al20 3 , a weak boundary 
layer, primer, and adhesive. More layers can be added if necessary with 
longitudinal and transverse waves incident from either side of the system. 
For theoretical analysis of the reflection coefficient we utilize a 
matrix algorithm proposed for multilayered anisotropic media immersed in 
a fluid [9]. We modified this algorithm to include solid semispaces from 
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Fig. 1 The model of an adhesive-aluminum joint for ultrasonic 
evaluation. 
both sides of the layered structure. With reference to Fig. 1, the matrix 
equation for reflection and transmission coefficients may be written in 
the form: 
<Pn Ro L 
Rn 
L [D] "'o (1) 
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Rn 
t "'o 
where 
(2) 
Isotropic and anisotropic layers are represented by a 4x4 matrix [a(i)]. 
This can be done if the anisotropic layer is in the plane of symmetry as 
in the case of porous aluminum oxide. Matrices Bn and AO are related to 
the elastic semispaces and have been derived here, while equations for 
matrices a(i) have been taken from Ref. 9. 
For computation, the elastic properties of each layer are needed. 
The properties of adherend (aluminum alloys) and adhesive as well as 
primer are available. To find the effective elastic constants of the 
anodized porous Al 2 0 3 layer and their dependence on the pore volume frac-
tion we carried out a special study [10]. The anodized Al 2 0 3 has vertical 
through-thickness pores and therefore it is macroscopically anisotropic. 
The effective elastic properties of the porous anodized Al 2 0 3 layer can 
be estimated from the bulk properties (e.g., Young's modulus and Poisson's 
ratio) of Al 2 0 3 , pore concentration, and the substance that fills in the 
pores (it may be primer, air or contamination). Based on experimental 
study of the elastic moduli of porous Al 2 0 3 we selected an appropriate 
theoretical model for calculation of the five effective elastic moduli [10]. 
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A thin viscoelastic weak boundary layer is introduced to model the 
Al203/primer interphase. Assuming that the viscoelastic layer can be 
treated as Maxwell material, we can calculate the complex bulk modulus, k, 
and shear modulus, ~. of the layer as: 
(3) 
k k + (k k ) ( WT i WT ) o oo - o 1+ w2 T2 - 1+ w2 T2 (4) 
~oo is the shear modulus of the material in the solid state, WT is a 
dimensionless parameter (w is frequency and T is relaxation time), ko is 
the bulk modulus in liquid state, and k is the bulk modulus in solid state. 
Such a representation allows one to perform the transition from liquid 
(small WT) to solid (large wT) states. The parameters are selected in 
such a way that at large WT the properties of the weak boundary layer are 
equal to that of the primer (adhesive). 
Numerical calculation has been conducted to explore the behavior of 
the reflection coefficient to the variation of the properties of the 
constituent layers. 
For example, the reflection coefficient of transverse wave versus 
incident angle is shown in Figure 2 for different pore volume fractions 
in aluminum oxide. A shifting of the curves as a result of variation in 
the volume fraction of pores can be seen in the figure. 
A stronger effect on the transverse wave reflection was found with 
variation of weak boundary layer properties. The reflection coefficient 
of the transverse wave for weak bond (smallwT) or good bond (largewT) are 
significantly different as one can see in Figure 3. Based on calculated 
results, we may expect that a weak bond may be discriminated by measuring 
the reflection coefficient of transverse wave. 
EXPERIMENTAL APPROACH 
A novel type of ultrasonic goniometer was built to be used for the 
obliquely-incident focused ultrasonic wave technique. Figure 4 illustrates 
the concept. The transducer is positioned on the arc and faces toward 
the center of the circle. From geometric considerations we can easily 
see that sound waves can be propagated along the radius, reflected by the 
arc of the circle, and returned to the transducer if the sound waves are 
reflected at the center of the circle. With the presence of the sample, 
however, the requirement that the sound waves propagate radially can be 
satisfied only if the sample is moved a proper distance from the center 
to counter the effect of refraction. 
The computerized experimental system is used for measurements. A 
computer controlled DC motor is used for simultaneous control of transducer 
rotation and sample translation. Angle and translation resolution and 
repeatability of 0.01° and O.Olmm, respectively, are achieved in our setup. 
At each angle of rotation the received signals are automatically digitized, 
averaged, and analyzed in the frequency domain by a computerized controlled 
LeCroy 9400 125MHz digital oscilloscope and then fed to a computer through 
an IEEE interface. The water tank is temperature stabilized to 29.8°C 
± O.l°C. 
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Fig. 2 The reflection coefficient versus incident angle for different 
pore volume fractions of aluminum oxide (incident transverse 
wave). 
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Fig. 3 Dependence of reflection coefficient versus frequency for weak 
( un = 0.01) and good ( WT = 100) bonds. 
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Fig. 4 Schematic explanation of the method of measurements. 
Experimental work has been conducted on samples with controlled 
interphasial properties. The samples are made of aluminum plates, a 
plastic film, and epoxy as a five layered structure. The aluminum plates 
have thickness 2.02mm each. The plastic film, representing bulk adhesive, 
has thickness 0.127mm and is held between two aluminum plates. Thin epoxy 
layers are applied to bond the aluminum plates and the plastic film simu-
lating the weak boundary layer between aluminum and adhesive. Varying 
degrees of epoxy cure yield different properties of the weak boundary layer. 
EXPERIMENTAL RESULTS AND DISCUSSION 
A typical example of frequency response of the signal reflected from 
an adhesive interphase is shown in Figure 5 (the incident angle in liquid 
is selected in such a way that only transverse waves exist in the alum-
inum plate). The frequencies at which minimum reflection occur in a weak 
bond sample are significantly different from those of a good bond sample. 
This difference may be enhanced by deconvolving the measured reflected 
amplitude from a weak bond with that of a good bond. 
The reflection coefficient minima are represented in the frequency/ 
incident angle plane in Figure 6 as a family of the dispersion curves. 
The experimental data measured for a good bond are shown as discrete points 
overlaid on the theoretical curves calculated for wT = 100. 
When a weak boundary layer is changed (changes wT) the spectrum of 
the reflection coefficient minima is modified. This is illustrated in 
Fig. 7 for the transverse wave incident at 50°. The top of the branches 
in Fig. 7 correspond to the crosssection of the spectrum in Fig. 6 at the 
angle of 50°. When WT decreases the character of the spectrum changes 
(splitting of the branches existing in Fig. 6 disappears) and branches 
are shifted significantly. The theoretical results for WT = 0.1 are shown 
in Fig. 8 (solid lines). Comparison of the theoretical and experimental 
data is satisfactory except for the existence of the experimental branch 
(approximately at 10 MHz) which is not predicted by theory. This experi-
mental branch fits well a dispersion curve for Lamb waves in the free layer 
of the adhesive (not shown). One may speculate that small air bubbles 
trapped in the weak boundary layer could lead to the formation of appro-
priate boundary conditions for existence of this mode. 
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Fig. 5 Comparison of reflected wave amplitudes versus frequency for 
good and weak bond (experiment). 
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Fig. 6 Loci of the reflection coefficient minima in the angle/frequency 
plane for the good bond. Solid lines are theoretical, points 
are experimental data. 
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Fig. 7 Changes of the reflection coefficient minima in the log 
(wT)/frequency plane for incident angle of transverse 
wave 50°. 
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Fig. 8 Loci of the reflection coefficient minima in the angle/frequency 
plane for the poor bond. Solid lines are theoretical, points 
are experimental data. 
1237 
ACKNOWLEDGEMENT 
This work was sponsored by the Center for Advanced NDE, operated by 
the Ames Laboratory, USDOE, for the Air Force Wright Aeronautical 
Laboratories/Materials Laboratory under contract #SC-80-1488. 
REFERENCES 
1. S. I. Rokhlin, M. Hefets and M. Rosen, "An Ultrasonic Interface-Wave 
Method for Predicting the Strength of Adhesive Bonds", J. Appl. Phys. 
52, 2847-2851 (1981). 
2. S. I. Rokhlin, "An Ultrasonic Bridge for the Study of Viscoelastic 
Properties of Thin Interference Films", J. Acoust. Soc. Am . .zl, 
1619-1623 (1983). 
3. G. A. Alers and R. B. Thompson, "Application of Trapped Modes in 
Layered Media to the Testing of Adhesive Bonds", 1976 Ultrasonics 
Symposium Proceedings, IEEE, pp. 138-142, (1976). 
4. S. I. Rokhlin, "Interface Properties Characterization by Interface 
and Lamb Waves" in Review of Progress in Quantitative NDE, edited 
by D. 0. Thompson and D. E. Chimenti (Plenum Press, New York, 1986), 
Vol. SB, pp. 1301-1308. 
5. C. M. Teller, K. J. Diercks, Y. Bar-Cohen and N. N. Shah, "Nonde-
structive Evaluation of Adhesive Bonds Using Leaky Lamb Waves" in 
Review of Progress in Quantitative NDE, edited by D. 0. Thompson 
and D. E. Chimenti (Plenum Press, New York, 1988), Vol. 7B, pp. 935-
942. 
6. S. I. Rokhlin and D. Marom, "Study of Adhesive Bonds Using Obliquely 
Incident Ultrasonic Waves", J. Acoust. Soc. of Am. 80, 585-590 (1986). 
7. A. Pilarski and J. L. Rose, "A Transverse Wave Ultrasonic Oblique-
Incidence Technique for Interfacial Weakness Detection in Adhesive 
Bonds", J. Appl. Phys. 63, 300-307 (1987). 
8. P. B. Nagy and L. Adler-;-"Adhesive Joint Characterization by leaky 
Guided Interface Waves" in Review in Progress in Quantitative NDE, 
edited by D. 0. Thompson and D. E. Chimenti (Plenum Press, New York, 
1989), Vol. 8B, pp. 1417-1424. 
9. F. I. Solyanik, "Transmission of Plane Waves Through a Layered Medium 
of Anisotropic Materials", Sov. Phys. Acoust. 23, 533-536 (1977). 
10. W. Wang and S. I. Rokhlin, "Ultrasonic Characterization of a Thin 
Layer of Anodized Porous Aluminum Oxide" (this proceeding). 
1238 
